Increased cardiovascular (CV) morbidity and mortality have been found in rheumatoid arthritis (RA). Tumour necrosis factor α (TNF-α) inhibitors may improve vascular function. In the first part of this study, we determined microcirculation during postoocclusive reactive hyperemia (PORH) representing endothelial function. In a nonselected population (n = 46) we measured flow-mediated vasodilation (FMD) of the brachial artery and laser Doppler flow (LDF) by ultrasound. Among LDF parameters, we determined TH1 (time to half before hyperemia), TH2 (time to half after hyperemia), Tmax (time to maximum) and total hyperemic area (AH). We measured von Willebrand antigen (vWF:Ag) by ELISA. In the second part of the study, we assessed the effects of adalimumab treatment on microcirculatory parameters in 8 early RA patients at 0, 2, 4, 8 and 12 weeks. We found significant positive correlations between FMD and LDF Tmax (R = 0.456, p = 0.002), FMD and TH2 (R = 0.435, p = 0.004), and negative correlation between vWF:Ag and Tmax (R = − 0.4, p = 0.009) and between vWF:Ag and TH2 (R = − 0.446, p = 0.003). Upon adalimumab therapy in early RA, TH2 times improved in comparison to baseline (TH2 baseline = 26.9 s vs. TH2 4weeks = 34.7 s, p = 0,032), and this effect prolonged until the end of treatment (TH2 8weeks = 40.5, p = 0.026; TH2 12weeks = 32.1, p = 0.013). After 8 weeks of treatment, significant improvement was found in AHa (AH baseline = 1599 Perfusion Units [PU] vs. AH 8weeks = 2724 PU, p = 0.045). The PORH test carried out with LDF is a sensitive option to measure endothelial dysfunction. TH1 and TH2 may be acceptable and reproducible markers. In our pilot study, treatment with adalimumab exerted favorable effects on disease activity, endothelial dysfunction and microcirculation in early RA patients.
Introduction
Increased cardiovascular morbidity and mortality have been associated with rheumatoid arthritis (RA) and other inflammatory arthritides [1] [2] [3] [4] [5] [6] [7] [8] . Both systemic inflammation and traditional cardiovascular risk factors are involved in this process [4, 8] . Endothelial dysfunction (ED) is considered to be the earliest sign of vascular pathophysiology underlying atherosclerosis. Thus, it may be a promising tool to detect high cardiovascular risk early [9, 10] . Despite the 25 years of experience in the detection of ED, its clinical utility has not been clearly defined due mainly to technical pitfalls and high variability [10, 11] .
The most attractive approach to the assessment of ED seems to be postocclusive reactive hyperemia (PORH), where dynamic changes of capillary flow and resistance, conduit vessel flow and/or diameter may be detected. The brachial artery flow mediated, endothelium-dependent dilation (FMD) is the prototype of noninvasive endothelial function tests [10] [11] [12] [13] [14] . Under standard conditions, FMD may be the method of choice for the noninvasive determination of macrovascular ED [2, 10, 14] . In contrast, the laser Doppler flowmetry (LDF) allows to record blood flow during the PORH test on the microvascular level [10, 14] . In the case of LDF, most investigators applied acetylcholine (Ach) or sodium nitroprusside (SNP) iontophoresis during the assessment to detect endothelium-dependent and -independent microvascular function, respectively [10, [14] [15] [16] . To date, there have been few studies using LDF in RA. Most studies included Ach and/or SNP iontophoresis and were carried out in established but not early RA [15] [16] [17] [18] [19] [20] [21] . Only Ruiz-Limon et al. [22] applied PORH and LDF. Most studies did not correlate micro-and macrovascular pathophysiology [15-17, 21, 23-26] . In general, impaired endothelium-dependent microcirculation was found in RA [15, 17, 18, 21, 22, [24] [25] [26] [27] . Two studies involved early RA patients, but LDF results were not correlated with FMD [26, 28] .
In this study, we wished to determine the relationship of brachial artery FMD to the measured and calculated LDF PORH parameters to validate the probably best microcirculatory measure of ED. Then, as there have been very few studies carried out in early, untreated RA, we conducted a longitudinal pilot study to verify the clinical utility of microcirculatory PORH in inflammatory arthritis.
Subjects and methods

Healthy subjects and patients
In the first cross-sectional part of the study, 46 consecutive, unselected subjects were recruited from hospital practitioners and inpatient relatives representing the general population. There were 28 females and 18 males, with a mean age of 38 years (range 21-70 years). Exclusion criteria included known cardio-and cerebrovascular diseases, hypertension (blood pressure > 140/90 mmHg), diabetes mellitus, cigarette smoking, obesity (body mass index, BMI ≥ 30 kg/m 2 ), current inflammatory, infectious disease or renal failure (serum creatinine ≥ 117 mmol/l). None of the patients received aspirin, clopidogrel, heparin or warfarin or vasoactive drugs.
In the second, pilot part of the study we longitudinally assessed the effects of the tumour necrosis factor α (TNFα) inhibitor adalimumab on microcirculatory (LDF), macrovascular (brachial artery FMD) function, as well as vWF:Ag levels (biomarker of endothelial activation) in patients with early, untreated RA. Eight early RA patients (6 females and 2 males) with a mean age of 37.8 years (range 24-66 years) were included in the study. All patients had a disease duration ≤ 1 year. The mean disease duration was 5.6 months (range 3-11 months). All early RA patients satisfied the 2010 EULAR/ACR classification criteria for RA [29] . We recruited these RA patients from a pool of > 700 patients continuously undergoing followups in our institution. None of the patients received corticosteroids, traditional or biologic disease-modifying antirheumatic drugs (DMARD) prior to the study. All patients received 40 mg adalimumab sc biweekly and vascular examinations were performed at baseline and 2, 4, 8 and 12 weeks after the initiation of treatment.
The study was approved by the Hungarian Scientific Research Council Ethical Committee (approval No. 14,804-2/2011/EKU). Written informed consent was obtained from each patient and assessments were carried out according to the Declaration of Helsinki.
Assessment of microvascular and macrovascular function
All assessments were carried out under standard conditions in an air-conditioned room at 21 °C after 20-min acclimatization, always in the morning. All subjects were fasting and had not used alcohol, tobacco, antioxidants and vasoactive drugs during the past 24 h according to current guidelines [30, 31] .
For LDF assessments, individuals were placed in supine position and the right arm was fixed. A pneumatic cuff was firmly placed around the lower arm just below the antecubital fossa and two, one-point LDF probes (Periflux 4001 instrument, PF408, Perimed AB, Järfälla, Sweden) were applied to the forearm skin just below the cuff very close to each other proximally and distally aiming to record a primary and a control perfusion curves. Laser signal (780 nm wavelength) enters the upper layer of the skin and gets reflected from red blood cells in the circulation. A frequency shift is detected and flux is expressed in perfusion units (PU) which may be continuously recorded. Among LDF PORH parameters, the most relevant ones were time to maximum (TM), time to half before (TH1) and after hyperemia (TH2), acceleration phase of laser Doppler curve (AUCaccel), total hyperemic area (AH), its decelerating (AUC decel ) and one-minute long segment (AUC 1min ), peak flux (PF) ( Table 1) .
To detect FMD, a B-mode longitudinal section was obtained of the brachial artery above the antecubital fossa using a 10 MHz linear array transducer (ultrasound system: HP Sonos 5500), and the probe was fixed. After 2 min of simultaneous recording of LDF signals and the measurement of brachial artery resting diameter, the pneumatic cuff around the forearm was inflated to suprasystolic pressure for 5 min. To evoke PORH, the cuff was suddenly released and both the arterial diameter and the laser Doppler signals were 90 min long continuously recorded. The baseline and postocclusive diameters of brachial artery were ECG gated and detected offline. FMD values were expressed as % change from baseline value measured at 60 s after cuff deflation. The primary and control laser Doppler PORH curves were saved and later thoroughly evaluated (Perisoft for Windows, version 2.5.5.). Beyond the incorporated parameters a single observer (G.K.) dissolved the LDF PORH curves into resting, occlusion, acceleration, deceleration and at 60 s areas, and measured and calculated the absolute and relative time, flux, slope and area parameters ( Fig. 1 , Table 1 ).
Every ultrasound examination was performed by a single trained sonographer (G.K.). In our hands, the intraobserver variability (coefficient of variation) of FMD test was 5% and the intraclass correlation coefficient (ICC) required for agreement studies was 0.935. 
Determination of circulating von Willebrand factor levels
Circulating vWF:Ag is a marker of endothelial cell activation. Plasma levels of vWF:Ag were determined by STA Liatest vWF:Ag immunoturbidimetric assay using microlatex particles coated with polyclonal rabbit anti-human vWF:Ag antibodies (Diagnostica Stago, Asnieres, France). After mixing the reagent with plasma, the degree of agglutination was proportional to the amount of vWF:Ag present in the plasma sample. The reference range was 50-160%. The blood sampling was carried out early in the morning after overnight fasting before the acclimatisation from the left arm. To define agreement of PORH parameters, the intrasession variability were calculated using the identical measured and calculated parameters derived from primary and control laser Doppler probe. Intraclass colleration coefficients (ICC), coefficients of variations (CV) and Bland-Altman plots were applied (MedCalc 11.5.0).
Data analysis
Results
Simultaneous assessment of brachial artery FMD and laser Doppler PORH curves
After PORH test carried out in healthy individuals representing the general population (n = 46), FMD as a measure of macrovascular endothelial function were assessed on the forearm and the microcirculatory LDF PORH parameters detected by the primary probe were correlated with the reference FMD methods. LDF parameters are listed and explained in Table 1 .
In this cohort, LDF time parameters significantly correlated with FMD. Both TM (p = 0.002) TH2 (p = 0.004) exerted significant, positive correlations with FMD. Only weak but statistically significant association was found between the FMD and the area of AUCaccel (p = 0.048). Neither the absolute and relative flux data, nor the most commonly investigated area of hyperemia and its derivatives showed any correlation with FMD ( Table 2 ).
Association of laser Doppler parameters with vWF:Ag levels
As described above, circulating vWF:Ag levels are indicators of endothelial activation. Plasma vWF:Ag concentrations exerted significant negative correlation with TM (p = 0.009), TH1 (p = 0.014) and TH2 (p = 0.003) ( Table 2 ). The absolute and relative flux and area parameters could not be associated with vWF:Ag concentrations.
Intrasession reproducibility of laser Doppler PORH parameters
Due to the significant variability of local skin circulation, in the healthy subject cohort, another control probe was placed in the near proximity of the primary detector. The agreement of corresponding PORH parameters derived from these one point probes were determined to assess their true clinical utility. Reproducibility values are seen in Table 2 . Regarding LDF time parameters, TH1 seems to be the most reproducible. The intrasession reproducibility of TH2 is also acceptable, while the intrasession agreement of one point TM is considered to be poor. The reproducibility of all flux parameters was relatively poor. However, AH, AUC decel and AUC 1min exerted moderate reproducibility (Table 2) . Thus, according to the ICC, CV results and the Bland-Altman plots the TH1 and TH2 parameters are the most stable methods in the estimation of microcirculatory endothelial function, and determination of TH2 may be the optimal method for a follow-up study ( Fig. 2 ; Table 2 ).
Effects of adalimumab treatment on endothelial function in early RA
After the validation of the LDF PORH technique on healthy subjects, in the second part of the study, LDF was tested in a prospective pilot study. In 8 patients with early, untreated RA, adalimumab therapy successfully improved arthritis as it decreased CRP levels (p = 0.04) and disease activity (DAS28, p < 0.0001) (data not shown). Effects of adalimumab on endothelial function were assessed at baseline and after 2, 4, 8 and 12 weeks of therapy. Changes in the most relevant LDF parameters are included in Table 3 . Microvascular endothelial function characterized by TH2 times, as the most reliable indicator, significantly improved in comparison to baseline as early as by week 4 (p = 0.032), and this effect was sustained until the end of treatment (p = 0.013) ( Table 3 , Fig. 3 ). TH1, the most reproducible parameter, which otherwise poorly represents endothelial function, also improved by week 12 in comparison to baseline (p = 0.001). TM, a good marker of endothelial function with poor reproducibility did not show any significant changes. In this small pilot study, PF increased markedly, however, due to its clinical unstability, the elevation was not significant ( Table 3) .
Some of the time-and flow-dependent area parameters also changed. After 8 weeks of treatment, significant improvement could be observed in AH (p = 0.045) and in AUC 1min (p = 0.019) ( Table 3 ). However, the latter paramaters may not reflect endothelial function as shown in our previous study. AUC accel , which is a moderate marker of endothelial function, did not show any significant improvement as a consequence of poor reproducibility ( Table 3) .
As a positive control, brachial artery FMD and vWF:Ag levels were also assessed during the 12-week treatment follow-up period. FMD significantly improved from week 2 compared to baseline. This improvement was sustained until week 12. In contrast, vWF:Ag levels did not show significant decreases upon anti-TNF therapy (Fig. 4 ).
Discussion
The assessment of ED is the earliest and most sensitive marker for vascular damage, also in inflammatory diseases, such as RA [10, 14, 30, 31] . In the first part of our study, we tested PORH-provoked microcirculatory changes by LDF in healthy volunteers. Surprisingly, only the TM and TH2 parameters correlated moderately, and AUC accel weakly with FMD. The validity of this observation was supported by the negative correlation between serum levels of the endothelial activation marker vWF:Ag and the time parameters. In summary, the prolongation of PORH curves due to decreased microcirculatory flow indicate better endothelial function. Our results also suggest, that only the time parameters, ideally TH2 may be used as a marker of endothelial function. Our results are in agreement with the early results of Carlsson et al. [32] indicating that PORH area is mainly prostaglandin-and adenosine-dependent. The NO antagonist L-NMMA pretreatment affected only the deceleration segment of PORH curve decreasing the TH2 [33] , which result indirectly supports our conclusion. Other authors observed the same effect of L-NMMA on the deceleration phase of PORH curve on the level of macrocirculation [34, 35] . Thus, the detailed analysis of time parameters, particularly the deceleration phase of PORH curves allows to detect endothelial function [36, 37] . Furthermore, the measurement of total AH, which partly depends on the prolongation of PORH curve and TH2, may be used as a complex vascular function test [38] . Stiefel et al. [39] previously tested the excellent clinical utility of PORH studies: the complex vascular parameter AH showed good sensitivity and excellent specificity to predict coronary artery disease. The TH2 time prolongation seemed partly the cause of increased AH, and the TH2 parameter prolongation itself exerted good sensitivity and specificity for coronary artery disease. The last parameter has been above validated by our group as a true endothelial function marker. We also observed good intrasession reproducibility of time, moderate of area and poor of flux parameters. The detailed analysis and validation of the PORH-mediated LDF technique were carried out in healthy volunteers. To assess its utility in a small group of rheumatic patients, in the second, pilot part of our study, we carried out an LDF and FMD pilot study in 8 patients with early untreated RA. To our knowledge, ours is the first pilot study to assess LDF parameters after PORH and not iontophoresis in early RA patients undergoing anti-TNF therapy. We found significant improvement in some LDF PORH curve parameters including TH1, TH2, AH and AUC 1min . This was associated with significant improvement in FMD. Some LDF studies have previously been performed in chronic RA [15-25, 27, 39, 40] . Except for one recent study that utilized PORH [22] , all other groups used Ach and/or SNP iontophoresis to detect endothelium-dependent and -independent microvascular endothelial function, respectively [15-21, 23-25, 27, 28] . Most studies reported impaired skin microcirculation in RA as determined by LDF [15-19, 21-24, 27, 40] . Van Eijk et al. [28] reported preserved microcirculatory capacity in a cohort of early RA patients with low disease activity. Impaired skin microcirculation was associated with inflammatory activity [18] and increased CRP levels [17, 19] but not with low RA disease activity [28] . Others did not find associations between micro-or macrocirculation and inflammatory activity [24] . In one study, impaired Ach-induced, microcirculatory endothelial function could be associated with global cardiovascular risk [24] . Very few longitudinal studies were conducted to determine the effects of antirheumatic therapy including biologics on LDF parameters. Treatment of RA resulted in improved microcirculation in some studies [22, 24, 27] but not in others [17, 18] . In the active, established RA cohort of Galarraga et al. [18] , no improvement of Ach or SNP iontophoresis-induced microcirculation could be observed upon anti-TNF therapy in the whole population. However, LDF parameters improved in responders [18] . In the only available, recent LDF PORH study, Ruiz-Limon et al. [22] reported improvement of skin microcirculation upon tocilizumab treatment of chronic RA Fig. 3 Changes in time to half after hyperemia (TH2) of the postocclusive reactive hyperemia curve representing microcirculation upon 12 weeks of adalimumab treatment in patients with early rheumatoid arthritis Fig. 4 Changes in macrovascular endothelial dysfunction (flow-mediated vasodilation) and von Willebrand factor antigen levels upon 12 weeks of adalimumab treatment in patients with early rheumatoid arthritis patients. Only very few studies included early RA patients [26, 28] . Foster et al. [26] assessed iontophoresis-induced LDF and FMD in 18 patients with new-onset RA. Interestingly, only endothelium-independent micro-(SNP-induced) and macrocirculation (GTN-induced) were found to be impaired [26] . Similarly, as described above, Van Eijk et al. [28] could not demonstrate impairment of microcirculation in early RA patients with low CRP. Finally, only two studies compared micro-and macrovascular endothelial function in RA patients [15, 41] . Neither Arosio et al. [15] nor Sandoo et al. [41] could not demonstrate correlation between LDF parameters and FMD in patients with established RA. Thus, most LDF studies using iontophoresis demonstrated impaired skin microcirculation, probably associated with higher CRP and disease activity.
Our study may have important advantages and limitations. Among the advantages… Limitations include the small number of patients in the second, pilot part of our study.
In conclusion, in our two-stage study, first we demonstrated that the TH2 parameter of LDF PORH test may be a reliable and relatively stable marker of endothelial function in the normal population. The most commonly used area parameters did not correlate with macrovascular endothelial function indicating they would rather complex vascular function parameters. We verified in a pilot study conducted in early RA patients that in a pathological condition, where reversible ED may be an important phenomenon, early, effective treatment may improve microcirculation and this can be monitored by the operator-independent laser Doppler technique. It remains to be determined whether LDF could have an additional value in cardiovascular risk stratification. One possible limitation of our study is that we used single-point laser, which was sufficient to detect the common denominators of different endothelial function parameters. However, we do not know, whether these result could be extrapolated to modern laser techniques, such as LSCI. LSCI may, at least partly, eliminate the disadvantages of the one-point laser method probably by introducing more reproducible parameters to our experimental and clinical armamentarium.
